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Retinoic acid (RA) plays a necessary role in limb development and regeneration, but the precise
mechanism by which it acts during these processes is unclear. The role of RA in limb regeneration was
ﬁrst highlighted by the remarkable effect that it has on respecifying the proximodistal axis of the
regenerating limb so that serially repeated limbs are produced. To facilitate the study of RA signaling
during development and then during regeneration of the same structure we have turned to the axolotl,
the master of vertebrate regeneration, and generated transgenic animals that ﬂuorescently report RA
signaling in vivo. Characterization of these animals identiﬁed an anterior segment of the developing
embryo where RA signaling occurs revealing conserved features of the early vertebrate embryo. During
limb development RA signaling was present in the developing forelimb bud mesenchyme, but was not
detected during hindlimb development. During limb regeneration, RA signaling was surprisingly almost
exclusively observed in the apical epithelium suggesting a different role of RA during limb regeneration.
After the addition of supplemental RA to regenerating limbs that leads to pattern duplications, the
ﬁbroblast stem cells of the blastema responded showing that they are capable of transcriptionally
responding to RA. These ﬁndings are signiﬁcant because it means that RA signaling may play a
multifunctional role during forelimb development and regeneration and that the ﬁbroblast stem cells
that regulate proximodistal limb patterning during regeneration are targets of RA signaling.
& 2012 Elsevier Inc. All rights reserved.Introduction
Retinoic acid (RA), the active metabolite of vitamin A, is a
signaling molecule essential for chordate development (Marle´taz
et al., 2006). Excess or deﬁcient RA signaling during development,
adulthood, or regeneration from ﬁsh to humans leads to a variety
of defects in morphogenesis, organogenesis, growth, apoptosis, or
tissue homeostasis (Gudas, 2011; Mark et al., 2009; Mathew et al.,
2009; Maden, 1998). There has been particular emphasis on
understanding the role of RA in vertebrate limb patterning
because disrupting RA signaling has dramatic effects on the
morphology and growth of the limb during both development
and regeneration (Cooper et al., 2011; Maden, 1982; Niazi and
Saxena, 1978; Rosello´-Dı´ez et al., 2011; Tickle et al., 1982). Two
particular questions that need to be addressed in order for us to
understand limb patterning include the discovery of the endo-
genous role of RA in limb development and regeneration and
whether RA plays the same functional role in both processes.
Because RA signaling participates in so many biological pro-
cesses in a pleiotropic manner, identifying the exact mechanismll rights reserved.
415, UF Genetics Institute,
: þ1 352 392 3704.
onaghan),of action of RA in any one process has been a challenge. Strides
have been made using knockout animal models (Mark et al.,
2009) and retinoic acid reporter animals (Zimmer and Zimmer,
1992; Waxman and Yelon, 2011; Perz-Edwards et al., 2001;
Rossant et al., 1991; Mendelsohn et al., 1991; Dolle´ et al., 2010;
Colbert et al., 1993; Balkan et al., 1992), but these approaches
have not been applicable in studying examples of adult tissue
regeneration either because the animal regenerates poorly as in
mice or the reporter transgene reports unreliably in adults as in
zebraﬁsh. Tools are needed that allow us to monitor RA signaling
in development and regeneration within the same animal.
The obvious species for these studies is the axolotl, a Urodele,
which develops more slowly than anurans, has amazing regen-
erative powers as an adult and can now be made transgenic.
Although it was initially thought that RA is responsible for
organizing the anterior–posterior (AP) axis of the developing chick
limb (Tickle et al., 1982), the current view is that RA regulates
proximo-distal (PD) patterning by specifying proximal cell identities
through the meis family of transcription factors while the apical
epidermal ridge speciﬁes distal cell identities through expression of
ﬁbroblast growth factors (FGFs) (Mercader et al., 2000; Cooper et al.,
2011; Rosello´-Dı´ez et al., 2011). RA reporter mice fail to detect the
presence of RA within the limb bud (Rossant et al., 1991) and neither
are there any synthetic enzymes present so RA must diffuse into the
limb bud from the adjacent somites, a rich source of this molecule
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enzyme, CYP26B1 is present in the distal limb region (MacLean
et al., 2001; Reijntjes et al., 2003; Yashiro et al., 2004) so there is the
potential for a PD gradient of RA to be generated. There is also
substantial evidence for a role of RA during limb regeneration, but its
function is poorly deﬁned. RA can be detected in both the mesen-
chyme and epidermis of the axolotl limb blastema (Scadding and
Maden, 1994) and inhibition of RA synthesis (Scadding, 2000; Maden,
1998) or RAR signaling (Del Rinco´n and Scadding, 2002) blocks
regeneration or leads to patterning defects. Furthermore, ﬁve RARs
(a1, a2, d1a, d1b, d2) are expressed in the newt blastema (Giguere et al.,
1989; Ragsdale et al., 1989, 1992, 1993) and at least RARd1 (ortho-
logous to the mammalian RARg) is expressed in both the mesench-
yme and epidermis (Hill et al., 1993). Cultured blastemal cells
transfected with an RA reporter construct can respond when RA is
added to the system or when cells are placed under a wound
epidermis suggesting that the signaling complex is intact in blastemal
cells and that the wound epidermis may be a source of RA (Brockes,
1992; Viviano et al., 1995). Thus in sharp contrast to the mammalian
limb bud where there is no intrinsic RA generated, these data show
that RA, RARs, and RA reporter activity are all present in the blastema
of the regenerating salamander limb, strongly supporting an endo-
genous role for RA during limb regeneration.
Further support comes from the observation that exogenous
RA added at the early stages of limb regeneration leads to
duplication of proximal limb structures as if the limb had been
amputated at a more proximal level (Maden, 1983, 1982). This
response seems to be speciﬁc to regenerating limbs because
developing and regenerating limbs on the same animal show
opposite effects to exogenous RA; developing limbs are truncated
while regenerating limbs duplicate proximo-distal structures,
suggesting that patterning mechanisms may be differentially
regulated between development and regeneration (Scadding and
Maden, 1986). Although strides have been made to tease apart the
role of RA in limb regeneration (Kumar et al., 2007), the exact
mechanism, cellular targets, or molecular underpinnings of pat-
tern duplication due to supplemental RA are poorly understood.
Here, we generated transgenic axolotls that ﬂuorescently report
RA signaling in vivo in order to study both development and
regeneration in the same animal. We found that embryos injected
with a DNA construct that ﬂuorescently reports RA signaling provided
a spatial and temporal map of RA signaling through development
which closely matched mRNA expression of the RA synthesizing
enzymes raldh1, 2, and 3. Transgenic animals continued reporting into
adulthood, permitting the study of RA signaling in both development
and regeneration. To show the utility of this reporter animal in
regeneration studies, we describe the distribution of RA responding
cells throughout limb development and regeneration where we ﬁnd
striking differences in their tissue distribution—in the mesenchyme
during development and in the apical epithelium during regeneration.
Furthermore, after the addition of supplemental RA to regenerating
limbs that leads to pattern duplications the ﬁbroblast stem cells of the
blastema now respond. We discuss these observations in context of
our current understanding of limb patterning during development
and regeneration and their evolutionary implications. Overall, the
animals described here will be instrumental in multiple areas of
developmental and regenerative biology.Materials and methods
Construction of RARE-reporter
The 8xRARE:EGFP (RARE:EGFP) reporter construct was pro-
vided by Dr Q. Xu, Department of Renal Medicine, King’s College
London. The construct contains 8 tandem 22 bp DR5 retinoic acidreceptor binding element sequences (GGG TTC ACC GAA AGT TCA
CTC G) isolated from the upstream promoter region of the mouse
rarb gene (NW_001030539.1) followed by a minimal promoter
isolated from cytomegalovirus and an EGFP open reading frame.
The 8xRARE:EGFP DNA element was PCR ampliﬁed with forward
primer 50 GGG GAC AAG TTT GTA CAA AAA AGC AGG CTG ATG
GCC TTT CGG CAT AAC T 30 and reverse primer 50 GGG GAC CAC TTT
GTA CAA GAA AGC TGG GTT TA CTT GTA CAG CTC GTC CAT G 30.
This fragment was cloned into a Gateway middle entry clone
RARE:EGFP_ME with BP enzyme (Invitrogen, Carlsbad, CA, USA)
and subsequently inserted along with p5E-Fse-Asc and p3E-polyA
(Kwan et al., 2007) into the multisite Gateway destination vector
pDEST-iSce (Courtesy of J. Wittbrodt) with LR enzyme (Invitrogen,
Carlsbad, CA, USA), which contains two 18 base pair I-SceI
meganuclease target sequences that facilitate transgenic animal
production.
Transgenic animal production
Transgenic axolotls (Ambystoma mexicanum) were produced
according to previous methods (Khattak et al., 2009). Leucistic
axolotl breeding pairs were obtained from the Ambystoma
Genetic Stock Center (Lexington, KY) and bred at the University
of Florida, 12:12D in 40% Holtfreter solution (Armstrong and
Malacinski, 1989) according to Animal Research Guidelines at the
University of Florida. Fertilized eggs were manually dejellied and
injected with 5 nl solution containing 0.5 ng circular DNA and
0.005U of the homing endonuclease, I-SceI meganuclease (BioRad,
Hercules, CA, USA). The transgene was injected into 1 cell ferti-
lized eggs and raised in 1 Marc’s Modiﬁed Ringers supplemen-
ted with penicillin and streptomycin. Animals were switched to
40% Holtfreter solution upon hatching of uninjected siblings.
Imaging and immunohistochemistry
Embryos were screened for EGFP expression using a Leica
M165 FC epiﬂuorescence stereomicroscope (Buffalo Grove, IL,
USA). Images were taken of at least three F0 transgenic animals
at each stage of development, although RARE:EGFP expression
patterns were observed in many more embryos and larvae to
make sure the expression patterns were reliable. Sections of
embryos was performed by ﬁxation in 4% paraformaldehyde
overnight at 4 1C on a rocker, embedding in an albumin-sucrose
mounting medium, polymerized with 0.1% gluteraldehyde, and
sectioned at a thickness of 80um using a Leica VT1200S vibratome
(Buffalo Grove, IL, USA). Only bilaterally mosaic transgenic
embryos were used for histology to better visualize true EGFP
expression. Imaging was performed without immunohistochem-
istry for all embryos. EGFP and DIC images were captured
separately and overlaid using Adobe Photoshop CS4.
Four animals that were 8–10 cm snout to vent length and had
reliable reporter activity were chosen for limb regeneration
experiments. Forelimbs were amputated just proximal to the
elbow in all cases and the bone was trimmed to make a ﬂush
amputation plane. Imaging was performed throughout regenera-
tion and limbs were collected for immunohistochemistry in all
four animals at either the mid bud or palette stages of regenera-
tion. Hindlimb amputations were also performed on four animals
just proximal to the knee and visualized throughout regeneration.
Limb blastemas were ﬁxed in 4% paraformaldehyde for 2–4 h at
4 1C on a rocker, cryoprotected in 30% sucrose, embedded in
TissueTek, and cryosectioned at 20 mm. Parallel sections were
either stained for EGFP or visualized for raw EGFP ﬂuorescence.
For visualizing raw EGFP, sections were counterstained with
Heoscht (1 mg/ml) for three minutes, mounted in Prolong Gold
(Invitrogen, Carlsbad, CA, USA), and visualized immediately.
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serum, incubated overnight at 4 1C with primary antibody, incu-
bated 30 minutes with secondary antibody, counterstained with
Hoescht, and mounted with Prolong Gold before viewing. Sections
were stained with chicken anti-GFP (1:1000) followed with
Alexafuor 488-coupled anti-chicken IgG secondary (Invitrogen,
Carlsbad, CA, USA), monoclonal IgG mouse anti-newt muscle
homogenate 12/101 (DSHB, Iowa City, Iowa, USA; 1:100) followed
with biotinylated anti-mouse IgG followed with Alexaﬂuor
594-coupled streptavidin, monoclonal IgM mouse CD57/HNK-1
(BD Pharmingen, Franklin Lakes, New Jersey, USA; 1:100) followed
with Alexafuor 594-coupled anti-mouse IgM, or biotinylated
Isolectin B4 (1:200) (Sigma, St. Louis, MO, USA) followed with
Alexaﬂuor 594-coupled streptavidin. EGFP images were taken
using an Olympus IX81 inverted epiﬂuorescence microscope
mounted with a Hamammatsu Orca-R2 camera (Center Valley,
PA, USA). Images were analyzed using Leica Application Suite V3 or
Slidebook 5.0 before being overlaid and minimally enhanced in
Photoshop.Cloning of RA metabolizing genes
Gene-speciﬁc primers were designed using sequences col-
lected from the Ambystoma Gene Collection located at Salsite
(Smith et al., 2005). Total RNA was isolated from pools of stage 36
through hatching axolotl embryos and used to make cDNA
template (iScript; BioRad, Hercules, CA, USA). Genes were ampli-
ﬁed as follows; raldh1 primers were 50 CAT CCG GGA CCT GAA
GAT TA 30 and 50 CAT TCC AGC TTT GCT CCT TC 30; raldh2 primers
were 50 CCA GCT CTG TGC TGT GGT AA 30 and 50 ATC ATA GTG
CCG GAT GAA GG 30; raldh3 primers were 50 CCT GCA TTG TGT
TTG CTG AC 30 and 50 TGT CAG AGC CGG ATA ATT CA 30. PCR
products were gel isolated, cloned into pGEM-T Easy Vectors
(Promega, Madison, WI, USA), and sequence veriﬁed.In situ hybridization
Whole-mount in situ hybridizations were performed accord-
ing to previously published methods (Personal communication
David Parichy). Digoxigenin probes were synthesized from line-
arized plasmids and hydrolyzed to an average of 600 base pairs if
the probe was larger than 1200 base pairs. Embryos were ﬁxed in
4% paraformaldehyde, 1% DMSO overnight at 4 1C and then
dehydrated in 100% methanol. Embryos were rehydrated and
Proteinase K-treated with 10 mg/mL for 30 min at 4 1C and 20 min
at 37 1C (Ghosh et al., 2008). Prehybridization was performed
overnight at 68 1C, which was replaced with hybridization
solution containing 0.5 ng/mL probe and incubated for 72 h.
Washes were performed at 68 1C and then incubated with a
1:5000 dilution of anti-digoxigenin-alkaline phosphatase (Roche,
Indianapolis, IN, USA) at 4 1C for 48 h. Signal was detected using
NBT and BCIP (Promega, Madison, WI, USA) for 3 h to overnight.
Samples were brieﬂy washed in 100% methanol to leach out
unbound NBT/BCIP. Tissues were either cleared in 100% glycerol
or vibratome-sectioned at a thickness of 80 mm.Retinoic acid treatment
RA was dissolved in 100% DMSO at a concentration of 1 mg/ml
and 300 ul RA was added to 1 L of 40% Holtfreter’s solution for a
ﬁnal concentration of 3104 mg/ml (Maden, 2008). Animals
were bathed in the RA solution for three days at the mid bud stage
of regeneration and then processed for immunohistochemistry.Results
RA signaling during development and adulthood
We followed RARE:EGFP expression from fertilization to adult-
hood in transgenic animals to provide a spatial and temporal
blueprint of RA signaling. The ﬁrst clear reporter expression was
at tailbud stage (stage 25) in an AP segment of the embryo
encompassing all three germ layers (Fig. 1A). There was a
decreasing gradient of EGFP expression starting posterior to the
gill primordia, and spreading posteriorly (Fig. 1A). Reporter
activity started in a diffuse pattern over this general area and
became localized to speciﬁc organ primordia that arose from this
trunk region (cervical spinal cord, ﬂank, pronephros, gut, heart,
and limb bud). EGFP expression was more intense in developing
embryos and decreased with age although ﬂuorescence could still
be visualized in adult animals (Fig. 1G). Our observations of RA
signaling through development showed dynamic expression
patterns in multiple tissues both derived from this AP segment
of the embryo and in additional regions such as the eye, nose, ear,
brain, sacral spinal cord and posterior lateral line (Fig. 1).
The following sections will describe reporter expression patterns
in each of the RA-responding tissues and then discuss how it
relates to the role of RA signaling in development and regeneration.
In many cases the transgene inserted into one of the cells of the
two-cell embryo, which facilitated EGFP visualization because the
non-transgenic half of the embryo served as a control to examine
cellular contributions between the left and right halves of the
embryo. These issues are described below.
RA signaling in internal organ development
Pronephros and gut
The earliest organ primordium to show a distinct pattern of
reporter activity was the pronephros. From stage 25–40, the
pronephric duct expanded in a posterior direction from the
developing pronephros along the ventral border of the somites
(Fig. 1A–D), which is similar to the expression domains reported
in developing RA reporter zebraﬁsh (Perz-Edwards et al., 2001).
In situ hybridization of developing embryos showed that reporter
activity was likely due to the expression of raldh2 in the prone-
phros and pronephric duct (Fig. 2E). In accordance, zebraﬁsh and
mouse embryos deﬁcient of raldh2 and X. laevis deﬁcient in RA
synthesis have defects in pronephros formation and patterning
(Cartry et al., 2006; Wingert et al., 2007) suggesting conservation
of RA signaling in vertebrate kidney development. RARE:EGFP
activity was also observed throughout the digestive system
from the earliest stages of gut formation to adulthood (Fig. 1E,
Fig. 2B–D). In agreement with this ﬁnding, RA is also implicated in
intestinal morphogenesis during development in mammals
(Plateroti et al., 1997) and zebraﬁsh (Nadauld et al., 2005) again
suggesting a conserved role for RA in gut development.Heart and lateral plate mesoderm
Reporter activity could be clearly visualized in the heart region
around stage 45 (Fig. 1E). Transverse sections of developing
embryos showed that the heart myocardium was EGFP positive
by this stage (Fig. 2B) and the beating heart could be visualized
from outside the animal through larval stages (data not shown).
In situ hybridization showed that raldh1 and raldh2 were
expressed during heart development with raldh1 in the mesench-
yme of the heart ﬁeld at stage 39 (Fig. 2F,G) and raldh2 through-
out heart development (Fig. 2H–K), becoming restricted to the
epicardium in late development (Fig. 2J and K). In addition to the
heart, the lateral plate mesoderm also expressed raldh2 (Fig. 2L).
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heart and are in agreement with the critical role RA plays in
heart morphogenesis and patterning in mice (Niederreither
et al., 2001), X. laevis (Collop et al., 2006), and zebraﬁsh (Keegan
et al., 2005).RA signaling in the nervous system and sensory organs
Spinal cord and somites
At stage 25, RARE:EGFP expression was present in somites
3 through 7. The strongest expression was in somite 4, which
gradually declined in intensity to somite 7 (Fig. 1A). From stage
25 through 33, RARE:EGFP intensity gradually decreased in the
somites and increased in the anterior portion of the neural tube
(Fig. 1A–C). By stage 42, RARE:EGFP had nearly disappeared from
the somites (Fig. 2C), but intensiﬁed in the spinal cord and
peripheral nerve bundles could be seen innervating the develop-
ing limb (Fig. 3A). Sectioning showed that RARE:EGFP expression
was present in the dorsal portion of the spinal cord, many motor
neurons in the ventral portion of the spinal cord, dorsal root
ganglia (drg), and axons in the white matter (Fig. 3D). The section
in Fig. 3D shows a unilateral transgenic animal with only the left
half of the spinal cord ﬂuorescing. Nevertheless the right drg is
ﬂuorescent supporting previous observations that there is a
contribution from the neural crest to both sides of the embryo
(Raven, 1931; Ho¨rstadius and Sellman, 1946). At stage 45, a
second RARE:EGFP expression domain appeared in the dorsal
spinal cord directly above the cloaca (Fig. 3A and B) and neural
processes were seen innervating the hindgut, hindlimb, and
descending axons in the spinal cord (Fig. 3E; Fig. 5O–R).
This domain of EGFP expression appeared with little adjacent
expression in the somites and so presumably arose from an
intrinsic source of RA. To investigate this potential source we
examined the expression of the three RA synthesizing enzymes
and found that raldh2 was the only enzyme expressed in the
spinal cord and this was localized to the roof plate (Fig. 3G). This
suggests either that the roof plate is the source of the RARE:EGFP
expression in the nervous system or that there is another non-
RALDH metabolic pathway of RA synthesis. RALDH-independent
RA synthesis has been suggested by mouse knockout studies
(Mic et al., 2002; Niederreither, Vermot, Fraulob, et al., 2002),
gene expression studies in chicks (Maden et al., 1998), and has
been functionally demonstrated in the spinal cords of chicks by
the enzyme Cyp1B1 (Chambers et al., 2007).Sensory organs
Vertebrate eye development is dependent upon intact RA signal-
ing (Duester, 2009). Similarly to other vertebrates, diffuse RARE:EGFP
expression started during eye cup formation (stage 36) (Cuny and
Malacinski, 1986) and by stage 40 became localized to the dorsal and
ventral retina with some expression also present in the surrounding
periocular mesenchyme (Fig. 4A and B). Strong reporter activity
began in the eye around hatching (Stage 46) and continued through-
out the life of the animal (Fig. 1F; Fig. 3A and C). raldh1 and raldh3
mRNAs were highly expressed in stage 40 embryos, with raldh1
exclusively in the dorsal retina (Fig. 4C and D) and raldh3 in both the
dorsal and ventral retina with a small exclusion at the ventral choroid
ﬁssure (Fig. 4E and F; data not shown). A weaker raldh2 signal wasFig. 1. Whole-body images of RARE:EGFP transgenic animals. (A–F) EGFP ﬂuor-
escent images of transgenic axolotls through development were overlaid on top of
brightﬁeld images of the same animal to visualize anatomy and reporter activity.
Embryonic stages are as indicated and rostral is to the right. (A–D) The pronephric
duct (pnd) is expanding posteriorly along the ﬂank of the animals. Somites 3–7
(s3-7) and the anterior neural tube (nt) is starting to ﬂuoresce (C). (E,F) Several
tissues showed EGFP ﬂuorescence in the young larvae including developing
forelimb buds (ﬂ), gut, neuromast primordia (multiple arrows indicated by nm)
that will develop into the posterior lateral line, the anterior (asc) and posterior
(psc) region in the spinal cord, eyes (ey), and the postotic ganglionic complex
(pgc). (G) IVIS Xenogen ﬂuorescent image with a six month old transgenic axolotl
on the left and wild-type animal on the right showing strong ﬂuorescence in the
adult RARE:EGFP transgenic animal.
Fig. 2. RARE:EGFP expression and raldh mRNA expression are in high accordance with one another during development of the pronephros, lateral plate mesoderm, heart, and gut.
(A) Image of a stage 39 embryo showing the hind portion of the trunk and tail. Rostral is to the right. Notice the RARE:EGFP positive trunk, pronephric duct (pnd), and expanding
posterior lateral line primordia (pll). (B-D) Histological sections of a½ transgenic embryo. Sectionsmove caudally from the hind portion of the head (B), to the forelimb portion of the
trunk (C), to the caudal portion of the trunk (D). Images show that RARE:EGFP reports throughout the developing digestive tract including the pharynx (p), gut (g), and lower
intestine (i), developing kidney including the pronephros (pn) (C) and pronephric duct (D), developing heart myocardium (hm) (B), forelimb bud mesenchyme (C), and lateral plate
mesoderm (lpm) (C, D). (E-L) In situ hybridization showing raldh expression in similar regions to RARE:EGFP activity. (E) Transverse section through the mid trunk of a stage 41
embryo showing raldh2 expression in the pronephric duct. (F) Whole-mount in situ hybridization showing raldh1 expression in the developing heart. Rostral is to the right.
(G) Transverse histological section of the embryo showed in F showing expression in the heart primordia (h). (H,I) Transverse histological sections through the developing aorta
showing raldh2 expression (a). (J) Transverse histological section showing raldh2 expression in epicardium (ep) of a stage 43 embryo. (K) Image shows the exposed heart of a whole-
mount in situ hybridized stage 43 embryo showing expression of raldh2. Rostral is upward. (L) Transverse histological section through the trunk of a stage 43 embryo showingmRNA
expression in the lateral plate mesoderm (lpm). The epidermis was removed in this animal.
Fig. 3. RARE:EGFP expression in the nervous system and sensory organs. (A,B,D,E) Images showing that RARE:EGFP reports in anterior (asc) and posterior (psc) regions of the spinal
cord. (A) brachial nerve ﬁbers (bn) can be seen emanating from the RARE:EGFP positive asc and innervating the forelimb. (B) Post-hatching larvae showing that RARE:EGFP
expression intensiﬁes in the asc and psc and the peripheral nerve ﬁbers (pn) that innervate the trunk and posterior intestine (i) can be seen. (C) EGFP expression can also be seen in
the eye and weak expression in the nasal canal (nc). (D) Transverse section of the psc in a ½ transgenic animal showing strong dorsal EGFP expression in the spinal cord as well as
associated dorsal root ganglia (drg). (E) Close-up image of the hind portion of the trunk. Rostral is to the right. Peripheral nerves can be seen innervating the hindgut from the asc.
The intestine is also EGFP positive, but the cloaca (cl) is EGFP negative. (F) Image of a transgenic animal’s tail showing descending EGFP positive spinal cord axons in the tail (sc) just
below the EGFP positive developing neuromasts (nm and arrows) of the pll. Rostral is to the right. (G) Transverse section through the psc in a stage 43 embryo that was hybridized
with a probe against raldh2. Raldh2 was the only raldh mRNA expressed in the developing central nervous system with expression in the roofplate of the spinal cord (rp).
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Fig. 4. RARE:EGFP expression and raldh mRNA expression are in high accordance with one another during development of the eye, olfactory pit, inner ear, and lateral line.
Dorsal is up in images I-L. (A,B) RARE:EGFP is highly concentrated in the dorsal and ventral portion of the eye and perioptic mesenchyme (pm) during development. (C-F)
Reporter activity in the eye overlaps with raldh1 and 3mRNA expression in the dorsal and ventral eye where raldh1 is expressed exclusively in the dorsal portion of the eye
(C,D) and raldh3 in both the dorsal and ventral regions (E,F). (A) The nasal canal (nc) also shows RARE:EGFP expression, which overlaps with raldh1, 2, and 3 mRNA
expression. (G-J) Transverse-sections of embryos showing raldh expression in the nasal canal. (G,H) raldh3 expression is expressed in the lateral nasal canal and extends
throughout the internal nare (in) that connects to the oral cavity. (I) Section through the nasal canal showing similar localization of raldh3 as raldh1. (J) Close-up image of
an raldh2 positive nasal canal. Staining was localized primarily in the opening of the nasal canal and not throughout. (A,K,M) RARE:EGFP is expressed in the developing
inner ear with strong expression in the otic vesicle (ov) through embryonic stages (A,K) and later in the postotic ganglia complex (pgc) during larval stages (M).
This reporter activity in the inner ear corresponds to strong raldh3 expression throughout the medial and lateral regions of the otic vesicle (L). (N) The developing
neuromasts (nm) of the posterior lateral line are EGFP positive and also express raldh2 (O,P). Notice the EGFP positive cells that resemble support cells of the developing
neuromast.
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(data not shown).
The olfactory organ began to ﬂuoresce in the nasal canal
(Fig. 4A). In accordance, olfactory organ patterning and morpho-
genesis is dependent upon RA signaling during development in
mice (Rawson and LaMantia, 2006). raldh1 and 3 mRNAs were
localized to the ventral epithelium (Fig. 4C,E,G,I) while raldh2 was
more broadly expressed on the peripheral nasal cavity (Fig. 4J).
raldh1 expression continued into the internal nares, the extension
of the olfactory sac that connects the nasal cavity to the oral cavity
(Fig. 4H). These expression patterns in the axolotl are similar to
Xenopus olfactory organ development (Lynch et al., 2011).
Either too much or too little RA leads to developmental defects
of the vertebrate inner ear (Hans and Westerﬁeld, 2007; Frenz
et al., 2010). In accordance, RARE:EGFP was detected in the
developing otic vesicle starting at stage 39 (Fig. 4A and K) with
raldh3 being the only mRNA detected in the developing ear,
localizing to the medial and lateral auditory epithelium (Fig. 4L).After hatching (stage 46), strong reporter expression could be
detected in the postotic ganglionic complex, which includes lateral
line nerves, the glossopharyngeal nerve, and the cochlear nerve
(Northcutt and Bra¨ndle, 1995) (Figs. 1F, 3A, 4M).
Aquatic vertebrates are different from amniotes in that they
possess a lateral line system, a set of mechanosensory organs
(neuromasts), which sense movement in the surrounding water.
In the axolotl, the posterior lateral line system (PLL) is located in
two lines along the trunk and tail of the animal (Northcutt and
Bra¨ndle, 1995). By stage 38–39, RARE:EGFP positive cells were
evident in the expanding dorsal neuromast primordia dorsal to the
pronephric duct (Fig. 1D and E; Fig. 2A). Time lapse imaging showed
that the stream of RARE:EGFP positive cells expanded in a posterior
direction along the ﬂank until the leading cells entered the tail, where
the stream shifted dorsally while budding off pigmented neuromast
precursors (Video 1). Sectioning of larval tails showed that developing
neuromasts were RARE:EGFP positive in the support cells (Fig. 4N)
and expressed raldh2 suggesting that a local source of RA causes the
Fig. 5. RARE:EGFP reports in the developing forelimb mesenchyme, but not in the
developing hindlimb. (A–L) RARE:EGFP is strongly expressed in the forelimb mesench-
yme and nerves (arrow) during limb development. EGFP expression becomes localized
to the proximal region of the limb and decreases in intensity through development.
Stars in A and C indicate expression in the proximal epidermis. (B’) raldh2 mRNA
expression overlaps with RARE:EGFP expression in the early limb mesenchyme. (M–R)
RARE:EGFP is absent in the hindlimb (hl) except for nerve ﬁbers that innervate the
hindlimb during development. (M–P) EGFP expression can be seen in the posterior
spinal cord (psc) and peripheral nerve ﬁbers (pn) originating from the psc are
innervating the developing hindlimb (hl). (Q,R) Extensive peripheral nerve branching
is obvious throughout the developing hindlimb, which continues into juvenile animals.
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speciﬁc to certain portions of the developing sensory organs, suggest-
ing that it has a critical role in development of these organs.Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.ydbio.2012.05.015.
RA signaling during limb development and regeneration
RA signaling during limb development
To determine where RA signaling was taking place during limb
development, we followed RARE:EGFP expression from the onset of
limb bud outgrowth to differentiation of the limb according to
previous staging methods (Nye et al., 2003). Before limb bud
outgrowth, the lateral plate mesoderm was RARE:EGFP positive
and expressed raldh2 (Fig. 2C,D and L). The early limb bud
expressed raldh2 (Fig. 5B0) and had strong ﬂuorescence throughout
the mesenchyme whereas the distal ectoderm of the limb bud was
EGFP negative (Fig. 2C; Fig. 5A–F). By stage 46, brachial nerves 4, 5,
and 6 had formed the limb brachial plexus and innervated the limb
bud (Fig. 3A; Fig. 5G and H). Through stages 45–50, RARE:EGFP was
more intense in the proximal versus distal region of the limb and
could be seen in the limb epidermis, but not at the distal tip of the
limb. Each developing digit also contains RARE:EGFP ﬂuorescence.
At stage 50, the limb was still ﬂuorescing, but was more restricted
to skeletal structures and there was no apparent proximodistal
differences seen in the limb. By stage 53, RARE:EGFP ﬂuorescence
was minimal except for the innervating nerves. Over time, only
RARE:EGFP positive axons innervating the fore and hindlimbs were
observed (Fig. 5K, L, Q, and R). We also studied hindlimb develop-
ment, which takes place later in development than the forelimb in
Urodeles. Surprisingly, the hindlimb did not show detectable
RARE:EGFP ﬂuorescence at any point during development except
in nerves innervating the limb (Fig. 5 M–R).Retinoic acid signaling during forelimb regeneration
RA is present in regenerating axolotl limbs (Scadding and
Maden, 1994) and supplemental RA during limb regeneration
results in proximo-distal duplications in a concentration-depen-
dent manner (Maden, 1983). We therefore analyzed RARE:EGFP
reporter activity throughout forelimb regeneration. Juveniles
showed some expression in the peripheral nerves due to RAR-
E:EGFP expression in the neurons of the spinal cord and dorsal
root ganglia, but expression diminished to undetectable levels in
the nerves of adult animals. By three days post amputation of the
forelimb, EGFP was expressed distal to the amputation plane in
the apical wound epithelium (Fig. 6A and B). This expression
expanded from the tip, but only in the posterior portion of the
limb during limb blastemal outgrowth (Fig. 6D,E), eventually to
disappear during the early differentiation stage of regeneration.
These observations are in accordance with previous studies that
showed that axolotl mid-bud blastemas have a 5 higher
concentration of RA in the posterior portion of the limb than
the anterior portion (Scadding and Maden, 1994).
Sections revelaed the epidermal localization of the EGFP
expression. Throughout the early stages of regeneration, kerati-
nocytes located in the middle of the wound epidermis were
RARE:EGFP positive and decreased in number when moving away
from the wound epicenter (Fig. 6C and F). No Leydig cells were
positive and there was no difference in intensity or cell number
between basal and apical keratinocytes. We did not observe a
substantial number of RARE:EGFP expressing mesenchymal cells
at any point of regeneration. The few cells that did report RA
signaling within the blastema were located near major nerve
bundles (Fig. 6C). Double immunostaining for EGFP and the axon
cell marker, HNK-1, identiﬁed a population of RARE:EGFP positive
axons and cells in close proximity to nerve axons (Fig.6C). We also
observed that hindlimbs reported RARE:EGFP expression in the
distal epidermis during the early bud stage to differentiation
Fig. 6. RARE:EGFP reports RA activity in regenerating limbs and is up-regulated following RA-treatment. (A) RARE:EGFP reports in the distal tip of the limb during
the wound healing and the early limb bud stage of regeneration. The amputation plane is marked with a dashed line. Stars indicate the posterior region of the limb.
(B) Top-down view of limb in A showing EGFP expression in the center of the wound epidermis. (C) Immunostaining of sections with a EGFP antibody showed reporter
activity in the wound epidermis keratinocytes, peripheral nerve ﬁbers (pn), and cells associated with the peripheral nerves. (D) At the mid-bud stage of regeneration,
RARE:EGFP expression has become localized to the posterior portion of the regeneration blastema. Star indicates posterior. (E) At the late-bud and palette stages of
regeneration, RARE:EGFP expression starts to decrease compared to earlier stages of regeneration. (F) Immunohistological section through a palette stage regeneration
blastema. RARE:EGFP expression is exclusively found in the posterior epidermis indicated by a star. (G) RARE:EGFP expression in the distal tip of the regenerating hindlimb
during the early limb bud stage of regeneration. (H) RARE:EGFP expression decreases at the late-bud and palette stages of hindlimb regeneration. (I) Supplemental RA
induced stronger RARE:EGFP expression than during normal regeneration (as shown in A) distal to the amputation plane. EGFP expression was also expanded proximal to
the amputation plane indicated with a dotted line. (J) Top-down view of two regenerating limbs treated with RA showing the increase in EGFP expression and expanded
ﬂuorescence compared to B. (K) Immunohistological section through the middle of an RA-treated limb showing an expansion of EGFP signal compared to normal
regeneration shown in C. Strong up-regulation of RARE:EGFP was evident in blastema mesenchymal cells and basal keratinocytes (bk) although EGFP was also observed
throughout the epidermal keratinocytes. (L–P) Confocal stacks of double-immunohistological stained sections showed that RARE:EGFP did not colocalize with substantial
numbers of HNK-1 positive axons or schwann cells (red) (L) or 12/101 positive muscle ﬁbers (red) (M). (N) Close-up image of a 12/101 positive muscle ﬁber near the
amputation plane of an RA-treated limb showing that the RA-responding EGFP cells (Green) are associated with the muscle, but not the muscle ﬁbers themselves.
(O) Image of an RA-treated limb double-immunostained for isolectin B4 (red) and anti-GFP (Green) showing that there are many EGFP- isolectin stained cells throughout
the blastema. (P) Close-up image of section in O shows that some RARE:EGFP positive cells were also positive for lectin indicated by an arrow. scale bars, 200 mm. bk, basal
keratinocytes. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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expression in the posterior portion of the limbs (Fig. 6G,H).
Overall, our data lend support that to a multifunctional role of
RA during limb regeneration in the apical epidermis, nerves, and
nerve-associated cells and that RA signaling takes place in a
similar manner between forelimbs and hindlimbs.
RA treated forelimbs
In order to test whether supplemental RA increases reporter
activity in forelimb blastema cells during proximo-distal duplication,RA was added to the water of an RA reporter animal ﬁve days post
amputation at the early bud stage of regeneration (Maden, 2008).
After three days of treatment, RARE:EGFP ﬂuorescence was more
intense in the blastema than untreated limbs and showed a larger
range of expression expanding proximal to the amputation plane
(Fig. 6I and J). Sectioning of the RA-treated limbs showed strong
up-regulation of reporter activity in keratinocytes throughout the
epidermis, but was strongest in the basal keratinocytes suggesting
that they are more sensitive to RA than suprabasal and apical
keratinocytes (Fig. 6K). Interestingly, basal keratinocytes were only
induced in the wound epidermis and just proximal to the limb
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to the wound response.
In contrast to normal limb regeneration, supplemental RA
induced strong RARE:EGFP expression within a subpopulation of
cells within the blastema mesenchyme (Fig. 6K–P). EGFP positive
mesenchymal cells were near the distal end of the regeneration
blastema and became less abundant moving proximal to the
amputation plane (Fig. 6K–M,O). Many RARE:EGFP positive cells
could be seen streaming into the blastema from the end of muscle
bundles. To test whether these RAGE:EGFP cells were myoﬁbers,
double-immunostaining for EGFP and a muscle ﬁber antibody
(12/101) was performed and showed that RARE:EGFP responsive
cells were associated with muscle, but not the myoﬁbers them-
selves suggesting it was the ﬁbroblastic component of the muscle
that was responding to RA (Fig. 6M and N). Immunostaining with
the nerve ﬁber and Schwann cell marker, HNK1, showed that
double-labeled RARE:EGFP/HNK1 nerve ﬁbers and Schwann cells
were sparse indicating that RA did not induce RARE:EGFP activity
in a substantial number of neurons or Schwann cells (Fig. 6L).
Double-immunostaining for EGFP and the activated macrophage
marker isolectin I-B4 (Zammit et al., 1993; Aaronson et al., 1995)
co-labeled a number of cells resembling leukocytes, which sug-
gests that activated macrophages responded to exogenous RA
(Fig. 6O and P). The majority of the RARE:EGFP cells were negative
for all three markers and had a spindle-shaped ﬁbroblast-like
morphology (Fig. 6K–P). Considering that connective-tissue ﬁbro-
blasts do not have a reliable marker, the lack of staining,
morphology, and location of the RA responsive cells suggest that
the majority of cells that responded to RA were connective tissue
ﬁbroblasts. Interestingly, proximilization of limb elements takes
place through a response within the mesenchyme and not the
epidermis (Maden, 1984) and connective tissue ﬁbroblasts or
their progeny contain the proximodistal identity of cells during
regeneration (Kragl et al., 2009).Discussion
The levels of RA are spatially and temporally regulated through
vertebrate development and adulthood, but it is impossible to
detect by immunohistochemistry because of its non-protein
nature. For this reason, RA reporter animals have been useful
tools for studying RA signaling in zebraﬁsh (Waxman and Yelon,
2011) and mice (Molotkov et al., 2006; Ribes et al., 2009; Vermot
et al., 2005; Zhao et al., 2009). Unfortunately, these animals are
not suitable for studying tissue regeneration because mice regen-
erate poorly as adults and the zebraﬁsh RA reporter lines become
weak post development (Perz-Edwards et al., 2001; Waxman and
Yelon, 2011). In this study, we have generated and characterized
an RA reporter axolotl salamander to test whether RA signaling is
conserved among tetrapods. These animals continued reporting
RA activity throughout life, which also allowed us to study RA
signaling during tissue regeneration. Axolotls are exceptional
animals for ﬂuorescent reporter technologies because leucistic
larvae and juveniles are relatively transparent, develop slowly,
and can produce hundreds of eggs per breeding. The 8xRAR-
E:EGFP transgenic axolotls described here add a new tool to the
regeneration community and act as a proof of principle showing
that transgenic reporter axolotls can be powerful tools for
visualizing signaling during development and regeneration.
RA signaling is highly conserved across vertebrates during
development
Upon injection of the 8xRARE:EGFP DNA construct into ferti-
lized eggs, we observed an AP segmental domain of reporteractivity at the tailbud stage that continued to be expressed in
those organ primordia derived from that portion of the body.
This suggests that RA is important not only in the induction of
certain organs, but also for their subsequent patterning and
morphogenesis, a general characteristic of vertebrate embryonic
AP patterning (Duester, 2008; Grandel and Brand, 2011). Many of
the same organs that showed RA reporter expression in the
axolotl are missing in the absence of RA signaling during devel-
opment in other vertebrates including: posterior hindbrain and
anterior spinal cord (Maden et al., 1996; Wilson et al., 2004;
Niederreither et al., 1999; Grandel and Brand, 2011), pronephros
(Cartry et al., 2006; Wingert et al., 2007); limb buds (Stratford
et al., 1996; Grandel et al., 2002; Niederreither, Vermot,
Schuhbaur, et al., 2002) and heart (Dersch and Zile, 1993;
Niederreither et al., 2001). Additional organs located outside this
domain that expressed the transgene were the eye, inner ear and
olfactory organ, which also develop abnormally in other verte-
brates in the absence of RA signaling (Marsh-Armstrong et al.,
1994; Ha¨gglund et al., 2006; Duester, 2009). Overall, it is clear
from our study that RA signaling is highly conserved across
multiple organ systems in vertebrates.
A unique feature of the RARE:EGFP axolotl is that many organs
that ﬂuoresce during development continue to express the
transgene as adults including the eyes, cervical spinal cord, ﬂank
muscle, and nerves. It is not clear why RARE:EGFP axolotls
continue reporting in adult tissues, but it may be due to the fact
that axolotls are neotenic, retaining larval properties into adult-
hood. It also may be explained by their indeterminate growth
properties throughout life (Seifert et al., 2011). For example,
unlike mammals, salamanders add skeletal bone rings throughout
life (Homan et al., 2003) and have high levels of neurogenesis
throughout the spinal cord as adults (Holder et al., 1991). Axolotls
also continue to express patterning genes in adult tissues that
were originally used during development including the RA
target genes pax6 and sonic hedgehog, as well as pax7 and msx1
(Schnapp et al., 2005). Sustained maintenance of RA signaling and
other developmental pathways in adult tissues may be an
important trait that contributes to the regenerative ability of the
salamander.
The functional unit of the PLL system, the neuromast, is a
group of mechanosensory hair cells that are deposited along the
ﬂank of aquatic animals by a stream of posteriorly expanding
neuromast primordia that emerge from the PLL placode located
near the otic vesicle (Northcutt and Bra¨ndle, 1995). We observed
a posteriorly expanding string of RARE:EGFP cells in the location
of the PLL along the entire ﬂank of animals (Video 1), suggesting
that RA plays a role in the development of the axolotl PLL. Little is
known about the role of RA in neuromast development except
that exogenous RA leads to defects in lateral line patterning in
axolotls (Gibbs and Northcutt, 2004) and RA signaling is required
for PLL placodes in zebraﬁsh (Sarrazin et al., 2010). Histology also
showed that RARE:EGFP positive cells resembled neuromast
support cells (Fig. 4N). Interestingly, the supporting cells of the
zebraﬁsh lateral line are the primary progenitor cells that give
rise to new mechanosensory cells during regeneration (Ma et al.,
2008). Due to the accessibility to time-lapse imaging and poten-
tial to regenerate (Jones and Corwin, 1993), the PLL in RARE:EGFP
axolotls will be a powerful approach for understanding the role of
RA during hair cell development and regeneration.
RA signaling during forelimb development suggests a local
source of RA
Our current understanding of vertebrate limb development is
that opposing gradients between a proximal signal of RA and a
distal signal of FGF determine proximo-distal positional identity
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Cooper et al., 2011; Rosello´-Dı´ez et al., 2011). Work in mice
suggests that raldh2 expression in the ﬂank and its catabolic
enzyme Cyp26B1 in the distal zone potentially creates a prox-
imodistal gradient of RA in the limb bud (Yashiro et al., 2004).
The axolotl has RA activity and raldh2 (Fig. 5B,B0) expression
intrinsic to the limb bud and present throughout the early limb
bud mesenchyme. Interestingly, raldh2 mRNA expression is also
present throughout the zebraﬁsh pectoral ﬁn bud and Xenopus
laevis forelimb bud creating the possibility of a proximal-distal
gradient (Gibert et al., 2006; McEwan et al., 2011). In our study,
we observed a decrease in RA reporter activity in distal portions
of the developing limb as differentiation took place also suggest-
ing a possible proximal-distal gradient of RA (Fig. 5). Although
more experimentation is needed to explain differences in RA
signaling between mouse and amphibian appendage develop-
ment, it seems that the source of RA may have diverged between
these two lineages through evolution.
The lack of reporter activity in the hindlimb buds of RARE:EGFP
axolotls is interesting considering that forelimbs and hindlimbs
are such similar structures (Fig. 5M–P). Although no strong
conclusion can be made on the role of RA in hindlimb develop-
ment based upon the lack of RA reporting in this study,
RA-rescued raldh2 mutant mice (Niederreither et al., 2002),
RA-rescued raldh2/raldh3 double mutant mice (Zhao et al., 2009),
and rdh10 knockout mice (Sandell et al., 2007) have normal
hindlimbs suggesting that RA is not needed for mammalian hin-
dlimb development. Future functional studies will be needed to
address whether RA is necessary for axolotl hindlimb development.
RA signaling in limb regeneration suggests a role in epidermal
function, AP limb patterning, and nerves
RA signaling is required for multiple examples of epimorphic
regeneration such as zebraﬁsh caudal ﬁn regeneration (Mathew
et al., 2009; Blum and Begemann, 2012) and axolotl limb
regeneration (Maden, 1998) as it is for forelimb development,
so it was surprising that different pattern mechanisms were
detected when the regenerating forelimb was compared with
the developing forelimb. In contrast to the mesenchymal RA
reporter activity of the developing limb bud, the wound epider-
mis reported RA activity from the wound healing stage to the late
cone stage of regeneration in both forelimbs and hindlimbs
(Fig. 6A–H). These stages correspond to the specialized wound
epidermis called the apical epidermal cap that is necessary for
limb regeneration. It is possible that the RARE:EGFP signal we
detect relates to the proliferation and differentiation of keratino-
cytes that make up the specialized wound epidermis whose
function is to induce dedifferentiation and promote the prolifera-
tion of the underlying blastemal cells. In support of this, inhibi-
tion of RA signaling during zebraﬁsh caudal ﬁn regeneration
disrupts the formation of the specialized wound epidermis
necessary for tail ﬁn regeneration, leading to regenerative failure
(Blum and Begemann, 2012). A balance of RA signaling is also
needed for proper epidermal homeostasis in mammals because
RA deﬁciency leads to skin barrier impairment and defective
muccopolysaccharide synthesis while supplemental RA promotes
muccopolysaccharide synthesis and basal keratinocyte hyperpro-
liferation (Futoryan and Gilchrest, 1994; Fisher and Voorhees,
1996). Furthermore, supplemental RA leads to increased muco-
polysaccharide synthesis in the axolotl wound epidermis
(Maden, 1983) and greatly increases basal keratinocyte RAR-
E:EGFP expression (Fig. 6K). Therefore, a balance of RA signaling
may be a critical element of limb regeneration by regulating
wound epidermis function such as secretion and proliferation,
which may be independent of the role of RA in the mesenchymeas seen in development. Within the epidermis of the limb blas-
tema, RARE:EGFP expression was concentrated posteriorly from
early blastema to late blastemal stages (Fig. 6D–H). This observa-
tion may explain previous studies showing that RA levels were ﬁve
times higher in the posterior region of the limb blastema than
anterior region (Scadding and Maden, 1994) and that RA can
posteriorize cells of the axolotl limb blastema (Monkemeyer
et al., 1992). Likewise in development RA is known to establish
posterior cell fates during zebraﬁsh ﬁn bud development (Gibert
et al., 2006) and is necessary for the posterior expression of sonic
hedgehog in chick (Stratford et al., 1996) and mouse limb buds
(Niederreither et al., 2002). Overall, the observation that RA is
mainly expressed in the epidermis during regeneration, a tissue
that is not thought to play a role in patterning during regeneration
(Maden, 1984; Tank, 1987), suggests that the role of RA is
independent of patterning during normal regeneration.
It was somewhat unexpected that mesenchymal RARE:EGFP
activity was seen during limb development, but absent in most
mesenchymal cells during limb regeneration. This was especially
surprising given the important mesenchymal role RA plays during
zebraﬁsh caudal ﬁn regeneration, although the role of RA during
pectoral ﬁn regeneration has not been addressed yet (Blum and
Begemann, 2012; Mathew et al., 2009). Similar to our observa-
tions, a recent study suggests that no RA is synthesized in X. laevis
regenerating limbs, but is up-regulated during tail regeneration
(McEwan et al., 2011). It is possible that RA signaling is important
in the mesenchyme during tail/caudal ﬁn regeneration, but not
forelimb/pectoral ﬁn regeneration. Another explanation for why
our reporter construct did not detect signiﬁcant RA signaling is
that it is not sensitive enough to detect RA activity in the
blastema mesenchyme or is silenced in these tissues, but is
unlikely considering RARE:EGFP is expressed in some cells.
During X. laevis limb regeneration, RA must diffuse from the
proximal limb bud to generate a proximal distal gradient because
it is not generated locally (McEwan et al., 2011). Combined with
our data, another possible explanation could be that the pattern-
ing necessary for regeneration is established by RA and FGF
signaling during limb development, but is not needed for pattern-
ing during limb regeneration. Salamander limb regeneration is
induced by cell-cell interactions between ﬁbroblasts derived from
two disparate locations, anterior and posterior for example,
whose contact with one another induces distal outgrowth from
the interaction site to intercalate the missing structure (Nacu and
Tanaka, 2011). If all the patterning signals were set in ﬁbroblasts
from development, laying down new patterning with RA gradi-
ents would be unnecessary for regeneration. This hypothesis is
supported by experiments showing that transplantation of distal
limb elements to proximal locations in salamander limbs prior to
amputation does not proximilize the distal tissue, but rather
homes back to the tissue’s distal origin during regeneration
(Crawford and Stocum, 1988; Echeverri and Tanaka, 2005; Kragl
et al., 2009).
During regeneration, we also observed RARE:EGFP expression
in a small number of nerve ﬁbers and some cells in close
proximity to the nerves (Fig. 6C). It is not clear whether the
axonal expression is because these axons are derived from
cervical spinal cord neurons that are always expressing RARE:EGFP
or this is a response speciﬁc to regenerating ﬁbers. The latter is
the most likely because up-regulation of the RA machinery is seen
in regenerating mammalian neurons (Corcoran and Maden, 1999;
Corcoran et al., 2000; So et al., 2006) and ectopic RA induces axon
outgrowth where it does not normally occur (Agudo et al., 2010).
Furthermore, previous studies have suggested that RA is a
blastema-derived trophic factor for regenerating peripheral
nerves during regeneration (Dmetrichuk et al., 2005; Prince and
Carlone, 2003).
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ﬁbroblasts and macrophages during limb regeneration
We showed that addition of supplemental RA to early blastemas
induced strong up-regulation of RARE:EGFP expression within the
regenerating blastema and expansion of RARE:EGFP expression
proximal to the amputation plane (Fig. 6I–P). RARE:EGFP was induced
in basal keratinocytes, activated macrophages, and a population of
cells likely to be ﬁbroblasts. This is the ﬁrst identiﬁcation of the RA
responsive cell population in the regenerating salamander limb. It is
an important ﬁnding that ﬁbroblasts are the mesenchymal cell type
most responsive to RA because ﬁbroblasts are thought to contain the
positional memory of the limb (Kragl et al., 2009; Maden and
Mustafa, 1982; Slack, 1983). In fact, a skin cuff that contains mainly
dermal ﬁbroblasts is capable of regenerating a completely patterned
although muscleless limb (Holder, 1989). It is surprising that we did
not observe cartilage cells responding to RA considering that cartilage
has the same patterning properties as ﬁbroblasts (Kragl et al., 2009).
It is likely that cartilage cells need to be ‘‘dedifferentiated’’ in order to
respond to RA. This is supported by the observation that cells only
respond to RA near the amputation plane and not throughout the
animal, suggesting that there is a link between responsiveness to RA
and differentiation state. It will be important in future studies to
deﬁnitively identify the RA responding cells as well as the transcrip-
tional response of these cells that lead to limb proximalization.Conclusion
Our study shows the utility of transgenic reporter animals for
studying development and regeneration in the axolotl salamander.
We showed that RA signaling is highly conserved across vertebrate
development across a multitude of organs. Localization of RA
signaling during limb development suggested that, unlike the
mammalian limb, the axolotl forelimb bud may generate its own
RA through raldh2 expression, while the developing hindlimb did
not display any RARE:EGFP expression. The regenerating forelimb
and hindlimb showed dynamic regulation of RA signaling through-
out the wound-healing to differentiation stages suggesting roles of
RA in the wound epidermis and nerve regeneration. Addition of
supplemental RA to the regenerating limb identiﬁed the RA
responsive ﬁbroblast cell population that contributes to proximi-
lization of the blastema. Overall, our data suggests that RA may
play a role in the development of the forelimb mesenchyme during
development, yet plays a separate role in nerve regeneration and
epidermal function during regeneration that is likely independent
of patterning. It is likely that addition of RA re-activates the
mesenchymal cells that originally used RA during development
to repattern the mesenchyme of the limb, possibly through the
same mechanisms used in development.Acknowledgments
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